Residual stress states in engineering structures are determined usually by measuring components of stress tensors with depth below the material surface. There are destructive and non-destructive methods to measure strain tensor components and convert them into stress tensor components by a variety of techniques derived from constitutive (material) equations. In this study, four methods for determining the strain tensor components are presented: X-ray Diffraction (XRDM), Magnetic Barkhausen Noise (MBNM), Hole Drilling (HDM), and Cut-and-Section (CSM) methods; the first two are non-destructive, and the third and fourth are semi-destructive and destructive, respectively. A complementarity of the experimental and two numerical methods such as Boundary Element Method and Finite Element Method is explained. An application of the experimental and numerical methods to measure residual stress states in an industrial component, an L-shaped part of a supporting column in a high voltage structure, is presented.
INTRODUCTION
Measurement of residual stress has become as important as the measurement of usual mechanical properties in consideration of the fracture, fatigue, corrosion and strength characteristics of engineering components, i.e. their structural integrity. The foremost goal in structural engineering is to design products free of defects and with maximum performance. Although engineers strive to design perfect structures, the contemporary materials are not ideal. Flaws of different origin, such as minute cracks, voids, disbonding, and dislocations, which can be sources of residual stress, are usually present in all final products, but their presence does not render the products unfit for service. While the structures are designed to withstand dynamic loading, quite often plastic deformation and thermal gradients cause additional high-magnitude residual stresses, which are introduced into the already flawed components during processing or assembly. Hence the total stress that results from residual stress and applied external loading can exceed the yield stress. Therefore, the residual stresses are of great concern to designers of all engineering components. The stresses are easily introduced but difficult to relieve or redistribute. Furthermore, large components or structures, such as transportation vehicles, planes, ships, and nuclear reactors are difficult to handle, and stress relief can cause extensive dimensional changes. Alternatively, stresses are quite often introduced intentionally, because they can be beneficial. Therefore, it is important to determine the distribution of the stresses reliably to be able to predict the load bearing capacity of engineering components and structures. If the resultant load (being the sum of residual and dynamic loads), exceeds a certain magnitude, the size of the flaws can increase and become critical before the designed lifetime. This highly undesirable situation can results in component or even structural failure, with a subsequent cost in environmental damage, downtime, repair, replacement, or even injury and loss of life. For example, to determine the critical pressure in a variety of pressure vessels, omnipresent in our daily life, the applied and residual stresses must be assessed to properly calculate the tolerable size of not only of corrosion pits but most often stress corrosion cracks colonies.
The presence of flaws and stresses to a degree, which concerns many industrial sectors, when combined with our limited ability to detect and measure them, mandates that the subject of residual stress receive increased attention. There are various destructive and nondestructive methods to detect stresses and quantify them, i.e. determine their magnitude and orientation with respect to a selected direction. It was the purpose of this study to assess the state of development in residual stress determination in structural components.
There is no intent to review all existing methods of measurement of residual stresses, but only to provide a brief description of some methods that the author regarded as the most suitable to measure residual stresses in certain industrial components.
STRESS TENSOR 2.1 Stress Tensor Components
To determine the stress state at a given location is to measure its components. If the solid is an engineering object without any distinct geometry, such as cylindrical or spherical, a natural set of coordinates is Cartesian with orthogonal axes. In such a system, the stress state at each point of the object (regarded from the material's point of view as a non-polar continuous medium) can be represented by three normal and three shear components, denoted ó 11 , ó 22 , ó 33 ,  12 ,  32 , and  13 , respectively, see Fig.1 . Stress is a mathematical concept and it cannot be measured directly, but the strain tensor components can be measured, or calculated from measured displacements. Therefore, the resultant state of stress of importance to structural stability of the material must be calculated from the strain tensor, applying constitutive equations. The calculated components must satisfy additional equations to qualify for a description of the state of stress, i.e. balance of linear and angular momentums, which are of a particular interest in residual stress determination; the balance of mass is satisfied in static equilibrium.
Equilibrium of Forces and Moments
Residual stress is the stress that exists inside a body subjected to no external agents, such as forces, heat sources or electromagnetic fields. Therefore, the stress, calculated from strain measurements, must satisfy the following equations of static equilibrium of continuum mechanics: Figure 1 Cube of material in a 3D object (left) and a its magnified view with the stress components in it (right) in a system of right-handed orthogonal Cartesian axes, 1) The net or resultant force calculated from stress ó over the material surface of any part of the material (described in continuum mechanics as Borel sets), must be equal zero, óds = 0, since the rate of change of linear momentum of the part is equal zero, and 2) The torque of stress, r x ó, over the surface is equal zero, (r x ó)ds = 0, where x denotes a cross product of the stress and its distance from an arbitrarily selected centre or point of rotation, since the moment of momentum (known also as angular momentum) is equal zero. The two requirements must be verified for residual stress calculations to be correct. Although there is only one residual stress state, the true solution, in a body subjected to analysis, it is not suggested here that only one stress state can be determined that satisfies 1) and 2) above, constitutive equations mentioned above in 2.1, and boundary conditions. In fact, there is still infinity of solutions. An attempt to minimize the energy to make the solution unique is quite often not sufficient either, since one does not know the history of deformation, or timedependent configuration gradient expressed usually through the tensor product of tangent and cotangent spaces at all material points. Therefore, one can attempt to determine the residual stress only in a part of the object, or measurements in many places must be performed, to determine the complete distribution of stress. To get familiar with the terminology and concepts applied in continuum mechanics as listed above, the reader is referred to publications that depend on the level of study: for beginners, graduate level students and advanced researchers, it is recommended to read Ref. 
OVERVIEW OF METHODS FOR RESIDUAL STRESS DETERMINATION 3.1 Experimental
There are several methods to measure the strain tensor, but the most important non-destructive one is X-ray diffraction method. There is an abundance of different methods, but a few of them merit a particular attention in determining stress states in structural components; 1) X-ray Diffraction Method (XRDM), 2) Magnetic Barkhausen Noise Method (MBNM) 3) Hole Drilling Method (HDM), and 4) Cut-and-Section Method (CSM). A few other methods, such as 5) Ultrasonic Method (UM) and 6) Neutron Diffraction Method (NDM), can be considered as well. However, the methods 1)-4) can be applied to measure stresses in small areas (maximum 10x10mm) and on site, whereas the methods 5)-6) can be used to measure either stresses averaged over a large volume of material, or equipment is not transportable at all. Since in the majority of engineering structures, the degradation of material bodies originates in small areas at the surface, the methods in 1)-4) will be presented in greater detail.
X-ray Diffraction Method
The method is based on non-destructive measurements of the change in lattice spacing of atomic planes. The change can result from the application of external or internal stresses. If a monochromatic beam of wavelength ë is directed to the surface of a polycrystalline material, "Incident X-ray beam" in Fig. 2 , it can be diffracted from certain crystals if Bragg's law is satisfied, Eq. 1, Ref.5, ë = 2 d ø sin è (1) where d ø is the lattice spacing of the beam tilted at the angle ø to the surface,  is the angle between the direction of the measured stress ó  and the arbitrarily selected sample axis S 1 , and è is the angle of the X-rays to the atomic planes. If for an arbitrarily selected -angle, at least three ø-angles are selected, ø 1 , ø 2 , and ø 3 , and for each of them the spacing d  is measured, and hence the strain å  is calculated, the stress ó  (in the selected -direction) can be determined from least-squares analysis using Eq.2 below, if the effect of the out-of-plane stress components is ignored,
where d 0 is the spacing of atomic planes in the unstressed state, E and í are the elastic modulus and Poisson's ratio, respectively, and ó 1 and ó 2 are two principal components of the stress state. The procedure is called "sin 2 ø-technique", and the sin 2 ø-term is the independent variable. However, usually (except in the measurements by neutron diffraction method) only four components can be determined experimentally ó 11 , ó 22 ,  13 , and  32 from measurements of strain in three different directions. From these measurements, the maximum and minimum components, ó 1 and ó 2 , respectively, are calculated. The principal components, ó 1 and ó 2 , and their orientation with respect to a selected direction can be determined from measurements of d  in three different directions  1 ,  2 , and  3 . If  13 or  32 are to be determined, then Eq.2 must be modified, Ref.5.
Magnetic Barkhausen Noise Method
The method is based on the concept of magnetic domains. From the magnetic viewpoint, ferromagnetic materials are interpreted as consisting of magnetically ordered regions called domains. Bloch walls separate domains from one another, see Fig.3 , Ref. 6 . If a ferromagnetic material, for example magnetic steel, is subjected to a magnetic field through a magnetizing coil, the magnetic domains in a certain volume of material surrounded by the electromagnet reorient and follow the lines of the fields, Fig. 4 . During the reorientation, the domains move along the Bloch walls, and electromagnetic Barkhausen noise (MBN) is radiated to the surface. The process results in the overall material magnetization and changes in its dimensions. The noise depends on stress. The basic idea of the method is to calibrate the apparatus, i.e. to measure the power of the noise (spectrum) obtained at the MBN pickup coil, in the absence and presence of known stresses. If a measurement of the MBN signal in an unknown stress is made, the difference of signal spectrum and hence power in stress and no-stress states, through a calibration experiment, enables one to determine the unknown components of the stress tensor, Ref. 7 . Notice the different orientation of Bloch walls under compressive and tensile stresses. 
(Incremental) Hole Drilling Method
The hole drilling method consists of machining a blind hole in incremental steps and measuring the resulting change of strain in the vicinity of the hole. Measurements of strain in three different directions G 1 , G 2 , and G 3 of a rosette, Figure 5 , Figure 5 Strain gauge layout and angle á of the principal stress component  p with respect to a reference direction of gauge G 3 , left side, and an approximation of a continuously varying stress, green solid line, by constant stresses in four (imaginary) layers.
provide the necessary data from which the principal components of the original bi-axial but constant-with-depth residual stress state with ó Max = ó p and ó Min = ó q (normal to the hole surface) at the hole location can be calculated. The case of a biaxial stress state distributed non-uniformly below the surface can be analysed by identifying thin layers of material around the hole, and modelling a continuously varying maximum principal component of the residual stress ó p (h), by a piecewise constant stress at each layer, ó p (h i ), Figure 5 . Therefore, to determine stresses in N layers, a hole is drilled in N increments, and the procedure is modelled by the application of radial and shear tractions, ó rr and ô rè , respectively, as follows, Ref. 
at the hole boundary at each depth h i individually, where  varies from 0° to 90°. When the hole is drilled up to and including the i th layer (iN), the surface strain relaxations must be considered as a superposed effect (summation of strains), that is a result of tractions applied individually to each layer i. For a general stress state, both principal components ó 1 and ó 2 must be analysed. Numerical analysis (carried out through such numerical methods as Boundary or Finite Element Method, BEM and FEM, respectively, see below, section 3.2), is required to determine the effect of each traction on the deformation of the model's surface, close to the hole, and a block matrix is used to relate the relaxed surface strains to the stresses at the respective depths, 
å b i and å s i are the biaxial and shear components of surface strain (i.e at h=0) around a hole of depth h i ; ó b i and ó s i are biaxial and shear components of the traction components ó p (h i ) and ó q (h i ); R ij kk , k=1,2, are called relaxation R-functions, and are elements of the relaxation submatrices R ij . The R-matrix is used to relate the relaxed surface strains to the stresses at the respective depths. The method of strain interpretation by the R-matrix is called the Relaxation Matrix Method, RMM, Ref. 8 . Although the author determined his own R-matrix, using BEM, and developed his own computer program, it is recommended to read an excellent introduction and extensive description of HDM in Refs.9-11., and the equations presented therein can be can be transformed into equations presented above. Furthermore, it is necessary to realize that serious errors can arise, if machining strains and other salient features, such as stress concentration leading to extensive plastic deformation of tangential stress components, are not considered, as discussed below in section 5 and in Ref.12.
Cut-and-Section Method
The method consists of mounting usually gauges on the surface of the material, making an initial slit, and increasing it incrementally (through incisions of every desired increment) and very close to the gauges, see Fig.6 , so that the resultant blocks are as thin as it is necessary. The continuously varying residual stress in the specimen is approximated by piecewise constant stresses ó i , i =1,..,N, where N can be arbitrary. The blocks can be sectioned further into several layers. In this study, only the cutting part was applied. Measuring the responses of the gauges, enables one to determine the maximum strain relaxation at the surface. If a BEM or FEM model, similar to the HDM model is developed, then the strain measured at the surface can be correlated through a matrix with unit traction to determine membrane and bending components of residual stress ó. The cutting procedure applied to a sample of a plate with stress varying continuously along the top and bottom surfaces and hence in the middle of the sample is illustrated in Fig.6 ; see Ref. 13 for a complete presentation of CSM.
NUMERICAL
In cases where the geometry of the object is not simple, stress analysis must be performed on discretized mathematical models of the object. Two methods, Boundary Element Method (BEM) and Finite Element Method (FEM) can be applied to perform the modeling, see Fig.7 . The forces are either known or they can result from applying the principle of equivalent work from constant tractions. Figure 7 a) BEM and b) FEM models with forces and displacements applied at the boundary. A mesh of the boundary only and the whole volume are needed, in the respective models.
Boundary Element Method
It is useful to mention that in this method a mesh of the surface is developed only, and any stress changes as a result of cutting a free-specimen is more accurately predicted than in FEM, since no Figure 6 Application of CSM in a plate to be cut into six blocks; two of the blocks are marked with the dashed red lines, with six constant stresses, i.e. N=6.
mesh of the body is introduced. This approach is more difficult mathematically, but it can be more intuitive to an aspiring engineer. There are plenty of publications on the subject, but the author recommends to start the study with Ref.
14. This method is suitable to carry out modelling for HDM, CSM, and MBNM. In the latter, the traction means the vector of magnetic induction, B, and displacement means magnetic field strength, H.
Finite Element Method
In this method, a mathematical mesh of the geometry of the structure is developed to determine the state of stress on the surface of a sample to be cut for residual stress measurements, either by HDM or CSM, see Figure 7 -b). When the specimen is cut, the stress at the surface is removed and a free-body diagram is made. The cut part and the remaining body establish new states inside them to maintain equilibrium. The resultant residual stress in the specimen is then determined. Based on the measured strain, it is attempted to perform FEM until the residual stress in the specimen is predicted numerically. Many states in the original body can result in the predicted specimen stress, but according to St Venant's principle, only the immediate vicinity of the point of interest is important, since any variation away from it will result in the same local stress state.
After an FEM or a BEM model is performed, the reconstructive procedure with St Venant's principle, called back-substitution, must be applied to determine the original stress state, Ref.13. 
CHARACTERIZATION OF THE EXPERIMENTAL METHODS

COMPLEMENTARITY OF EXPERIMENTAL AND NUMERICAL METHODS
The complementarity stated in the title of the paper has three meanings in this study:  Development of the relaxation coefficients for HDM, CSM, and MBNM, if stress gradients are to be determined,  Correction to the HDM and CSM coefficients if needed, i.e. in cases of bi-axial/uni-axial stress states, that invalidate the applicability of linear theory of elasticity to convert strain readings into stresses, and  Simulation of residual stress development for verification purposes, if enough information is available to perform numerical modelling. The first meaning is rather obvious, determination of numerical calibration coefficients, and it can be found in a variety of papers, especially those in Ref. [9] [10] [11] . However, the second meaning is rather subtle but very important, and it requires some explanation. If nondestructive methods are applied to measure residual stress, the stress state before and after the measurement is not changed, and therefore it can be re-measured as many times as it is necessary. However, when (semi) or destructive methods are applied, such HDM and CSM, not only is the state of stress changed, but the surrounding material is subjected to additional deformation, and as a result, the sensors (usually some gauges, not necessarily strain gauges) measure the additional effect, complicating or invalidating sometimes the stress analysis. This issue was addressed in Ref. 15 with particular reference to HDM applied to measure axisymmetric stress states at surfaces in weldments subjected to different shot peening conditions. It was indicated in the paper that the stress components calculated from strain gauge readings through typical (based on theory of elasticity) hole drilling analysis were incorrect, since they were significantly greater than the ultimate tensile strength (which is the stress corresponding to the top of the engineering stress-strain curve), and in this case it was not justified. Therefore, elastic-plastic FEM modelling and experimental data were applied in an iterative process to correct the calibration coefficients, and determining a stress below the 0.2% yield stress, see Fig.8 . A generic form of this interpretation, using eigenstrain can be found in Refs. [16] [17] . Applying this terminology, the second meaning addressed in Ref. 15 can be classified as eigenstress.
To show complementarity in the third meaning is the most difficult, and it can be carried out only under conditions of almost complete information about the history of deformation. An example of this approach is presented in Fig.9 . Residual stress at weld toe was measured by HDM, Ref. 18 , and FEM analysis was applied for a weld zone of a gas pipeline, Ref. 19 . However, since preliminary calculations of HDM measurements indicated stresses exceeding yield stress of the material (not justified in this case), it was necessary to perform FEM analysis to extrapolate the results to the surface. A comparison of both analyses is presented in Fig.10 . A close match of FEM and HDM results of normal stress perpendicular to the crown below the surface, between -0.2 and -0.8 mm, indicates that the FEM analysis was carried out with good assumptions about welding. Therefore, the FEM results, blue diamonds between 0 and -0.05 mm were assumed to be correct estimates of the stress at the surface.
XRD measurements were not taken at the time, to confirm the FEM predictions, because of the complications and safety issues related to mounting the X-ray diffraction equipment on a full size pipe section. In contrast to this example, all experimental methods were applied to measure the state of residual stress over a large section of an industrial component presented below.
MATERIAL AND APPLICATIONS 6.1 Material
The material was a low-carbon, low alloy galvanized steel cast in Italy according to the specifications of the Society for Automotive Engineers (SAE), and supervised by the Italian SAE Chapter. The typical mechanical properties, determined from testing ten flat tensile specimens, (and confirmed by ultrasonic measurements not discussed in here, but reported separately) such as bulk modulus of elasticity (referred usually to as Young's modulus), Poisson's ratio í, and 0.2% yield strength, were 203GPa, 0.25, and 300MPA, respectively.
Specimen and Methods
The four methods were applied to determine residual stress states in several sections of a major industrial structure, such as high tension (voltage) transmission towers, see Figure 11 -a). The project, initiated by University of Manitoba and Manitoba Hydro, was part of a study on the use of cold-formed steel in transmission towers in Canada, Ref. 20 . The sections were parts of engineering components that are used to build transmission towers in Canada. The collapse load of the towers depends on the collapse load of its components. Therefore, the total load of each component must be considered before the component becomes part of the structure. The total load results from residual, static, and dynamic loads. Since residual stresses are part of the total Figure 10 Variation of HDM and FEM stresses.
structural load, it is important to know their magnitude and distribution at and below the surface of the components. Figure 11 a) Photograph of a tower, b) Geometry of a cut with dimensions in mm; the thickness of the specimen is 5 mm, c) The L-shaped section after hole drilling, cutting, X-ray diffraction, and magnetic Barkhausen noise.
Specimen
Although cuts of five differently shaped components were tested, an L-shaped section was selected for an application by the four methods, Fig.11-b ). Surface and subsurface residual stresses in the cold-formed section were determined by the above described methods.
Methods
The completely destructive Cut-and-Section Method (CSM) was applied to the L-shaped section after the X-ray Diffraction Method (XRDM), Magnetic Barkhausen Noise Method (MBNM) and Hole Drilling Method (HDM), were applied, see Fig. 11 -c). 1) XRDM was implemented at three locations in the middle of the apex, spaced apart 20 mm, see Apex in Fig.12 , through a CANMET/Proto Manufacturing Inc. diffractometer, with a Chromium head generating monochromatic X-ray beam of wavelength 2.29 nm (nanometers), passing through the collimator and irradiating the surface through a circular aperture of diameter 0.5 mm.
To increase accuracy, two detectors with 2=156° (which is typical for a low-carbon low-alloy steel) were tuned to the diffracted signal. The residual stress determined by the X-ray diffraction results were calculated by the sin 2 ø-technique, using 9 ø-angles: -28, -21, -15, -8, 0, 8, 15, 21, and 28. 2) MBNM was applied at eight and five locations along the external and internal surfaces between sides A and B, respectively, applying a pancake coil of diameter 10 mm with a ferromagnetic core and orientation sensitive to the out of plane (as opposed to the tangential component) of the electromagnetic radiation for measurement of in plane longitudinal stress; the assembly and electronics were designed and built in CANMET/MTL. 3) Hole drilling was carried out through an Intertechnology (Micromeasurements Group, Inc.) strain gauge rosette EA-XX-062RE-120062 at three locations: two 18 mm away on each side of the apex (tip of curved part of the L-shape), locations H1 and H2, and one, H3, 180 mm away from hole location H1. 4) Cutting was applied along one arm of the L-shape starting in the middle of the specimen, with single strain gauges of type CEA-06-500UW-120 mounted in a row, see Cut and Section. 5) Slitting Method (SM), similar to CSM but with a partial penetration with a circular wheel, was applied to measure the transverse stress (as opposed to the longitudinal) at the apex, see Slitting in Fig.11-c ), but the stress was compressive and the cutting wheel was blocked in the slit. Therefore, this method was not continued in the final stage of stress measurement.
RESULTS AND DISCUSSION
Results
The results, presented graphically in Fig.12 are longitudinal and transverse stresses as measured by the respective methods. HDM and XRDM results represent the averages of results at the locations of respective measurements. In the majority of residual stress measurements, the stress components that are usually determined are in plane, i.e. ó 11 , ó 22 , since the third component, ó 33 , is assumed zero in the basic theory for the method, except in neutron diffraction measurements, where it can be measured, see Ref. 21 . However, using X-ray diffraction, one can measure out of plane strain å 32 , and å 13 to determine  32 , and  13 . Although these measurements were carried out, they are not listed, since their magnitude was on the order of 5-10% of the other normal components, and therefore, of no concern for the collapse load of the structure. The HDM result in the graph represents only the average of stress gradient within 0.13 mm in the subsurface layer, from holes H1 and H2, but the holes were drilled down to 1mm below the surface, and the longitudinal stress between 0.13 and 1 mm, determined by this method, is almost constant of magnitude -50 MPa. The longitudinal stress is almost constant of magnitude 200 MPa.
Discussion
It is very helpful to apply different methods and seek their compatibility in determining stress states. Usually, non-destructive measurements can be taken as many times as it is necessary (provided cost is not a major factor), without destroying the sample, enabling one to generate results with excellent repeatability and accuracy determined through a typical 30-measurement statistical analysis. However, there are severe limitations for destructive methods, since for theses ones, there is no identical statistical sampling space. Therefore, if one can perform a few measurements only, final calculations should be carried out through statistical ÷ 2 -analysis, to determine the level of (95%) statistical confidence. XRD and MBN stress calculations in this study were based on ten samples of measurements, whereas HD was based on measurements of machining strains in three stress-relieved samples of the material, but CS was based only on one. It is important to realize that although some of the results seem to be close to one another, their meaning must be analyzed with respect to the characteristics listed in Table 1 . Therefore, the magnitudes of -150 MPa for XRD and HD are the averages within 10 m and 127 m below the material surface, respectively. Similarly for CS and MBN where the magnitudes of -140 and -120 MPa on the inside surface close to the apex, respectively, denote the measurements on the surface and within 3 mm. The maximum compressive residual stress constitutes then 50% of the 0.2% yield stress; no Bauschinger effect was assumed for this steel. Since the results indicate compressive and tensile stresses on the opposite surfaces (within the 5 mm thickness), from Side A to Side B, it is evident that at least in the longitudinal direction, the stress inside the specimen must be distributed as presented in Fig.13, to comply with the principles described in 1) and 2) in section 2.2 above. Hence the numerical discrepancies must be analyzed further to obtain a detailed view of the stress distribution. It is the intent of the paper to indicate that if a few methods with different characteristics are applied at almost the same location, detailed explanation of the results must be provided.
CONCLUSIONS.
 Two non-destructive, one semi destructive, and one destructive method for residual stress determination in engineering structures were reviewed.  The major characteristics of the methods, such as depth of measurement, resolution with depth, and area/length of measurement were tabulated, and compared against other methods not presented in this review.  An application of two methods, one experimental and one numerical, to a segment of a gas pipeline was presented Figure 12 Qualitative variation of residual stress within the material.
